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The binary hard-sphere mixture is one of the simplest representations of a many-body system with competing
time and length scales. This model is relevant to fundamentally understand both the structural and dynamical
properties of materials, such as metallic melts, colloids, polymers and bio-based composites. It also allows us to
study how different scales influence the physical behavior of a multicomponent glass-forming liquid; a question
that still awaits a unified description. In this contribution, we report on distinct dynamical arrest transitions
in highly asymmetric binary colloidal mixtures, namely, a single glass of big particles, in which the small
species remains ergodic, and a double glass with the simultaneous arrest of both components. When the mixture
approaches any glass transition, the relaxation of the collective dynamics of both species becomes coupled.
In the single glass domain, spatial modulations occur due to the structure of the large spheres, a feature not
observed in the two-glass domain. The relaxation of the self dynamics of small and large particles, in contrast,
become decoupled at the boundaries of both transitions; the large species always displays dynamical arrest,
whereas the small ones appear arrested only in the double glass. Thus, in order to obtain a complete picture of
the distinct glassy states, one needs to take into account the dynamics of both species.
PACS numbers: 23.23.+x, 56.65.Dy
I. INTRODUCTION
The solidification of a liquid into an amorphous non-
equilibrium glass is one of the most ubiquitous processes in
nature, having also a remarkable scientific and technologi-
cal relevance. Metallic alloys [1], bioactive materials [2],
ceramics [3], polymers [4] and colloidal suspensions [5–9]
are common examples of materials that under certain ther-
modynamic conditions are able to display a wide variety of
non-crystalline structures and dynamically arrested states with
solid-like properties that, so far, are not completely under-
stood.
Acquiring full control of the physical properties of amor-
phous materials, however, requires to fundamentally under-
stand how the solid-like behavior appearing in an undercooled
glass-forming liquid is related to the dramatic slowing down
of the microscopic dynamics [10, 11], and how such behavior
is mediated by both the direct interactions among the particles
and the thermodynamic conditions under which the material
is prepared [12–14].
∗Electronic address: a)ramoncp@fisica.ugto.mx; Electronic address:
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Model colloidal suspensions have played an important role
in the study of glasses and gels, since they provide access to
time and length scales at which most of the essential features
of glassy behavior are manifested [15–18]. Colloids have no-
ticeably improved our insight of the fundamental mechanisms
for physical gelation [7–9] and the glass transition [5, 6], pro-
viding neat experimental realizations of dynamically arrested
states in finely controlled systems and conditions [15, 16, 19–
25]. One of the best known classes of colloidal model sys-
tems is the so-called hard-spheres (HS) dispersion. Despite
their conceptual simplicity, colloidal HS are expected to re-
tain many important features of glass-forming liquids near the
dynamical arrest transitions [15, 16, 26, 27]. For a monodis-
perse HS suspension, the formation of glassy states at vol-
ume fractions φ & 0.58 is essentially due to a mechanism de-
fined as “caging”, where the motions of individual particles
are constrained by their nearest neighbors [15, 16, 28]. The
addition of a second species with a different size, however,
modifies drastically this scenario: for a narrow size dispar-
ity (δ ≡ σs/σb & 0.4; σs and σb being the diameters of the
small and big particles, respectively), this implies a shift of
the glass transition (GT) point to a larger total volume fraction
[20], accompanied with spatial and temporal heterogeneities,
and aging effects [12–14]. For higher degrees of asymmetry,
and depending on the composition, different and more com-
2plex glassy states, such as attractive and asymmetric glasses
emerge [19, 24, 25, 29–33].
Attractive glasses and gels are observed in mixtures of HS
colloids and non-adsorbing polymers [21–23] and, so far, they
have been described almost invariably in terms of an effective
one-component system; the presence of the polymers results
in attractive depletion interactions among the colloidal parti-
cles [6–8, 34–37]. As we show in what follows, however, the
glassy behavior of a highly asymmetric binary mixture of HS
can only be fully understood by taking into account all the
degrees of freedom of the two components, i.e., one should
consider explicitly the dynamical contribution of both species.
This suggests that a description based, for example, on the de-
pletion forces acting on the large species can only provide a
coherent picture for the static correlations of an effective sys-
tem composed of big attractive particles [38, 39], but cannot
offer any insight on the fundamental relevance that the dynam-
ics of the smaller species possesses in the GT of the mixture.
From a theoretical point of view, the GT in asymmetric
HS mixtures has been described by the mode coupling theory
(MCT) [40–43] and the self-consistent generalized Langevin
equation (SCGLE) theory [44–47]. The predicted glassy sce-
nario [48–51] agrees with experimental observations for the
large spheres [24, 25]. Both approaches have predicted a
richer and complex scenario for dynamical arrest, where the
mobility of both species play a key role. Some of these fea-
tures are in qualitative agreement with previous simulated re-
sults for binary mixtures of soft spheres [31–33]. However,
to date no systematic and direct comparison between theory,
simulation and experiments has been presented to corroborate
the existence of different glassy states in highly asymmetric
HS binary mixtures and to characterize in detail the self and
collective dynamics of both species towards the distinct dy-
namical arrest transitions. This is the main goal of the present
work.
Thus, in this contribution we unravel the dynamical mech-
anisms that lead to the different arrested states and provide
a unified description of glassy dynamics in this model sys-
tem. More specifically, we show how the glassy states differ
in terms of the self and collective dynamics of both species,
as well as the corresponding ergodicity parameters. We par-
ticularly emphasize the role of the small spheres, whose dis-
tinct relaxation patterns allow us to distinguish mixed glassy
states (where only the large spheres undergo a GT), asymmet-
ric glasses (where both species form a glass) and localization
transitions of small particles in a glass of large spheres. We
have performed extensive event-driven molecular dynamics
(MD) simulations, developed theoretical calculations within
the SCGLE formalism and performed confocal differential dy-
namic microscopy (DDM) experiments A brief summary of
the SCGLE theory, details of the simulations and experiments
is provided in the supplemental material (SM).
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FIG. 1: (Color online) Dynamical arrest diagram for a binary
mixture of HS with size ratio δ ≈ 0.2, as a function of the volume
fractions of big, φb, and small, φs, spheres. Lines are predictions of
the SCGLE theory [48] using the Percus-Yevick approximation [52]
combined with the Verlet-Weis correction [53] for the partial static
structure factors. The (black) solid line indicates the transition from
the fluid (F) to the double glass (DG). The (red) dashed line
indicates the transition between the F and the single glass (SG). The
(blue) dashed-dotted line shows the transition from the SG to the
DG. The three transition lines intersect at the state point
E = (φE
b
, φEs ). Two different paths obtained at constant φs are
shown: Paths A (φs = 0.05) and B (φs = 0.2). The state points a1-a5
and b2-b5 along each path represents compositions studied with
MD simulations. Path 1 (+) corresponds to the experimental data of
Ref. [29], whereas Paths 2 (∗) and 3 (×) correspond to experimental
data obtained in this work.
II. ARRESTED STATES DIAGRAM OF A HIGHLY
ASYMMETRIC BINARY MIXTURE OF HARD-SPHERES
We first present the dynamical arrest diagram of largely
asymmetric binary mixtures of hard spheres with a size ratio
δ ≈ 0.2 as a function of the control parameters (φb, φs), i.e.,
the volume fractions of, respectively, big and small spheres, as
obtained by SCGLE (Fig. 1) [48]. Here φi ≡ pi6ρiσ3i (i = s, b),
where ρi ≡ Ni/V denotes the corresponding particle number
density, and Ni the number of particles of species i in the vol-
ume V . For comparison, the diagram for δ ≈ 0.1 and ex-
perimental data previously reported in Ref. [25] are briefly
presented and discussed in the SM.
Three different states can be distinguished: a fluid (F),
where both species diffuse, a double glass (DG), in which both
components are dynamically arrested, and a single glass (SG)
where the big particles undergo a GT, whereas the small par-
ticles diffuse through the voids left by large spheres, similar
to the case of tracer particles in crowded [29] and confining
media [54]. It has been shown previously that the region of
3mixed states, SG, expands when δ decreases, whilst it disap-
pears for δ & 0.38 [48]. MCT provides qualitatively similar
predictions [51].
The ergodic region F is enclosed by two different transi-
tions: The transition from a fluid to a single glass (F-SG, red
dashed) and the transition from a fluid to a double glass (F-
DG, black solid). The F-SG line runs from (φb = 0.582, φs =
0), i.e., the GT point in the absence of small particles, to the
crossing point labeled as E≡ (φE
b
, φEs ). Along this line, φb
monotonically increases with φs. This indicates that below
φEs , a glass can be melted upon the addition of small parti-
cles [20]. Above φEs , in contrast, one encounters the F-DG
line, extending from E to (φb = 0, φs = 0.582). Along this
line, φb monotonically decreases as a function of φs. In the
limit of small φb, one observes a special type of asymmetric
glass, where the large particles are localized in a glass of small
spheres, as already observed in previous work [24]. More-
over, a third transition separates the single glass and double
glass regions (SG-DG, blue dashed-dotted line). This transi-
tion describes the dynamical arrest of the small particles in the
arrested large spheres.
For completeness, Fig. 1 also indicates the state points stud-
ied by means of MD simulations (Paths A and B) and DDM
experiments (Paths 1(+), 2(∗) and 3(×)), which are summa-
rized in Table I.
Path / Sample φb φs SCGLE MD EXP Transition
A 0.40-0.60 0.05 X X × F − SG
1.1 0.594 0.006 X × X F − SG
1.2 0.6039 0.0061 X × X F − SG
1.3 0.6138 0.0062 X × X F − SG
2.1 0.5225 0.0275 X × X F − SG
2.2 0.551 0.029 X × X F − SG
2.3 0.5795 0.0305 X × X F − SG
B 0.35-0.45 0.20 X X × F − DG
3.1 0.3 0.25 X × X F − DG
3.2 0.3 0.30 X × X F − DG
TABLE I: List of the state points studied by means of SCGLE calcu-
lations, MD simulations and experiments for the transitions from the
fluid (F) to the single glass (SG) and double glass (DG).
III. FLUID-GLASS TRANSITIONS (PREDICTED
SCENARIO)
Let us first discuss the qualitative differences between
the F-SG and F-DG transitions on the basis of characteris-
tic quantities, such as the localization lengths and the non-
ergodicity parameters, as predicted by the SCGLE formalism.
A. Localization length (self-dynamics)
In an ordinary HS glass, the mean square displacement
(MSD) shows a long-time plateau [25], whose height indi-
cates the displacement inside a nearest-neighbors cage. The
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FIG. 2: (Color online) Normalized localization lengths l∗
b
(solid
symbols) and l∗s (open symbols) of the large and small particles,
respectively, as function of the volume fraction of small particles,
φs, calculated with the SCGLE formalism along the two transition
lines enclosing region F in Fig. 1.
square-root of this value is called localization length, li, and
is a measure of the local confinement. In Fig. 2, the behavior
of the localization lengths along the F-SG and F-DG lines is
reported. For the F-SG transition (0 ≤ φs ≤ φEs ), the total
volume fraction of the mixture, φ = φb + φs, increases when
going from the point (φb = 0.582, φs = 0) to E, and the nor-
malized localization length l∗
b
≡ lb/σb of the big spheres is
found to be l∗
b
≈ 10−1. Hence, their characteristic cage size
corresponds to approximately 10% of their diameter, a typical
feature of an ideal glass of HS. On the other hand, the nor-
malized localization length of the small particles, l∗s ≡ ls/σb,
is infinite, indicating that the latter ones are not localized and
diffuse (a feature not observed for a small degree of asymme-
try [13]). These results suggest a dynamical decoupling of the
self dynamics of both species.
At the intersection of the F-SG and F-DG lines, i.e., at E,
l∗
b
discontinuously jumps from ∼ 10−1 to ∼ 10−2 and l∗s be-
comes suddenly finite with a value l∗s ∼ 10−1. This indicates
that along the F- DG line, i.e., for φs > φ
E
s , both species are
localized, with the small particles being less localized than
the large ones. The latter become even more localized than
along the F-SG transition [24, 25] (see also SM). In this case,
the total volume fraction φ decreases when going from E to-
wards the point (φb = 0, φs = 0.582). Both l
∗
b
and l∗s become
smaller with decreasing φ and increasing φs, which implies
that the cage size along the F-DG line is controlled by the
small spheres.
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FIG. 3: (Color online) Non-ergodicity parameter (NEP) of the large
particles, fbb(q
∗) (solid lines), and of the small particles, fss(q∗)
(dashed-lines), as a function of the reduced wavenumber q∗ as
predicted by the SCGLE formalism: (a) at the intersection of Path A
with the F-SG transition line; representative results extracted from
the MD simulations at the state point a5 and experimental data from
Ref. [29] (Sample 1.1) are also displayed, (b) at the intersection of
Path B with the F-DG transition line; representative results from the
MD at the state point b5 are shown, (c) at the intersection of Path 1
with the SG-DG transition line.
B. Non ergodicity parameter (collective dynamics)
Another fundamental difference between the two tran-
sitions enclosing region F is characterized by the so-
called non ergodicity parameters (NEP) [15, 16] fii(q) ≡
lim
t→∞
Fii(q, t)/S ii(q), i.e., the nondecaying components of the
collective intermediate scattering functions (ISFs) Fii(q, t) =
〈∑Nj,k exp(iq·[r(i)j (t)−r(i)k (0)])〉/N, where q is the scattering vec-
tor, r
(i)
j
(t) describes the position of the j-th particle of species
i at time t, and S ii(q) denotes the corresponding partial static
structure factor (S ii(q) = Fii(q, t = 0)). The emergence of
non-zero values for fii(q) is associated with the dynamical ar-
rest of the collective dynamics of species i.
Fig. 3 shows the predictions of the SCGLE theory for the
NEP of the big , fbb(q
∗), and small, fss(q∗), particles at three
points located on the (a)F-SG, (b) F-DG and (c) SG-DG lines
as a function of the reduced wave number q∗ ≡ qσb. In order
to later compare with the simulation results, we have chosen
the points on the F-SG and F-DG lines that correspond to
the crossing points with the two paths investigated with MD,
indicated as Paths A and B. Similarly, we have considered the
Sample 1.1 (see Table I), which almost intersects the transition
line F-SG.
For the point at the intersection of Path A with the F-SG
transition line (Fig. 3 (a)), one observes an oscillatory behav-
ior in both fbb(q
∗) and fss(q∗), associated with modulations of
the structure factor of the big species, S bb(q
∗). Both NEPs ap-
pear coupled and they are essentially identical up to q∗ ≈ 7.18,
which approximately corresponds to the location of the main
peak of S bb(q
∗). Thus, at large length scales, the collective
dynamics of the small spheres is controlled by the confine-
ment of the large particles. For q∗ > 7.18, oscillations are
still present, but become decoupled. The NEPs cease to oscil-
late and decay to nearly zero at values q∗ ≈ 20 in the case of
fss(q
∗) and q∗ ≈ 30 for fbb(q∗). This indicates that, at smaller
length scales, the small spheres can explore the local environ-
ment. Data for both NEPs obtained from MD simulations at
long time (t∗ = 10), and for fss(q∗) obtained from DDM ex-
periments (at t = 104s) shows also oscillations at comparable
q∗ values. This will be discussed in detail below (see, for in-
stance, Figs. 7 and 10).
In contrast, for the point at the intersection of Path B with
the F-DG transition line (Fig. 3(b)), one observes a differ-
ent behavior. Both fbb(q
∗) and fss(q∗) appear coupled for
q∗ ≤ 7.18, but now remain constant at about unity. For
q∗ > 7.18, the NEPs are decoupled and large oscillations
appear only in fss(q
∗). Also, larger spectra of non-decaying
components in the ISFs of both species are observed up to
q∗ ≈ 150 (not shown). NEPs obtained from MD simulations
are also constant for q∗ < 7.18, but decay for larger q∗ and
appear coupled. This will also be discussed below (see Fig.
14).
In Fig. 3(c), the SCGLE predictions for the behavior of the
NEPs at the intersection of the SG-DG transition line with
Path 1 are shown. The behavior is qualitatively similar to
that observed at the F-SG transition, but fss(q
∗) is noticeable
smaller than fbb(q
∗) for q∗ ≤ 7.18, and becomes nearly zero
for q∗ > 7.18 (note that along Path A φs = 0.05, whereas along
Path 1 φs ≈ 0.0062). Hence, at this transition the small par-
ticles become trapped in voids created by big particles, thus
resembling a localization transition in random porous media
[54].
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FIG. 4: (Color online) Self ISFs for the large, FS
bb
(q∗, t∗) (solid
symbols), and small particles, FSss (q
∗, t∗) (open symbols), calculated
along Path A (as indicated) at fixed q∗ = 7.18 and as a function of
the reduced time t∗ ≡ t/t0
b
, where t0
b
= σb
√
Mb/kBT , Mb is the mass
of any of the large particles, kB the Boltzmann constant and T the
absolute temperature (Ref. [55] and SM). The upper panel displays
the results of the SCGLE theory (including the (orange) solid and
dashed curves for, respectively, the big and small particles, at the
critical value φ
(g)
b
= 0.638) and the lower panel shows results of MD
simulations.
IV. DYNAMICS FROM THE FLUID TO THE SINGLE
GLASS
We have investigated the dynamics of the mixture towards
the F-SG transition by means of theory, simulations and ex-
periments. We have carried out event-drivenMD simulations
with δ = 0.2 and following Path A, i.e., fixing φs = 0.05 and
varying φb. In the experiments, we have studied mixtures with
δ ≈ 0.18 and followed two different tr ajectories at fixed com-
position of the small species, namely, xs ≡ φs/φ = 0.01 (Path
1) and xs = 0.05 (Path 2), and varied the total volume fraction
φ. Details of the simulations and experiments are provided in
the SM and Ref. [55].
A. Self dynamics at the F-SG transition
Fig. 4 displays a comparison between the SCGLE predic-
tions (upper panel) and MD results (lower panel) for the be-
havior of the self ISFs, FS
ii
(q, t) ≡ 〈exp [iq · ∆R(i)(t)]〉, along
Path A and evaluated at q∗ = 7.18; where ∆R(i)(t) denote the
displacement of any of the Ni particles of species i(= b, s) over
a time t. To allow for a one-to-one comparison between the
SCGLE results and the MD simulations, we have appealed to
the molecular version of the SCGLE theory [55].
The self ISFs obtained from SCGLE decay much faster
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FIG. 5: (Color online) MSDs for the large (solid symbols and solid
lines) and small particles (open symbols and dashed lines) along
Path A (as indicated) obtained from MD simulations (symbols) and
the SCGLE theory (lines).
for the small than for the large spheres. Upon increasing φb,
a general slowing down is observed with the difference be-
tween the relaxation times of small and big particles strongly
increasing. Nevertheless, the self ISF of the small species al-
ways decays to zero, as expected (Sec. IIIA). In contrast, the
relaxation of FS
bb
(q∗ = 7.18; t) becomes much slower and, at
the critical volume fraction φ
(g)
b
= 0.638 (orange solid line),
it develops the characteristic two-steps relaxation in the dy-
namics (this state point has no counterpart in the simulations).
Thus, the only signature of dynamical arrest appears for the
large species.
The above scenario qualitatively agrees with the MD sim-
ulations (lower panel of Fig. 4), although with some differ-
ences. For instance, at the state point a5, both theory and sim-
ulations show a pronounced decoupling. However, the MD
results reveal a slower relaxation of the large spheres and a
slightly different final relaxation of the small ones. The lat-
ter reminds on the dynamical landscape of tracers in crowded
environments, for instance, diffusion in heterogeneous porous
media [54]. At this stage, we should point out that the MD
simulations at a5 disclosed the structure of the large particles
similar to that of a highly amorphous material, see, e.g., SM,
which nevertheless exhibits a particle dynamics reminiscent
of a GT.
Fig. 5 presents the correspondingMSDs obtained fromMD
and SCGLE. The features of the self ISFs are also manifested
in the corresponding MSDs W∗
i
(t; φb, φs) ≡ 〈(∆ri(t))2〉/6σ2b,
(i = s, b). For instance, at intermediate and long times, the
MSD of the smaller particles decreases approximately one or-
der of magnitude when increasing φb along Path A, whereas
the MSD of the large particles decreases by more than two or-
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FIG. 6: (Color online) Normalized collective ISFs for the large,
fbb(q
∗, t∗) (solid symbols), and small particles, fss(q∗, t∗) (open
symbols), calculated along Path A (as indicated) at fixed q∗ = 7.18
as a function of the reduced time t∗. The upper panel displays the
results from the SCGLE theory and the lower panel from MD
simulations.
ders of magnitude and exhibits an increasingly extended sub-
diffusive regime at intermediate times. This is in agreement
with the physical scenario outlined in Fig. 2.
B. Collective dynamics at the F-SG transition
We now turn to the normalized collective ISFs, fii(q, t) ≡
Fii(q, t)/S ii(q). Fig. 6 displays the predictions of the SCGLE
(upper panel) and MD data (lower panel) for fii(q
∗ = 7.18, t∗)
along Path A, which both provide essentially the same sce-
nario. The behavior of fbb is very similar to F
S
bb
(see Fig.
4). Instead, fss noticeably differs from F
S
ss. At the state
point a1, for instance, the former exhibits a two-step relax-
ation not observed in the latter. Upon increasing φb, however,
fss gradually evolves and eventually follows the same trend
as fbb. Thus, approaching the F-SG transition the normalized
collective ISFs of both species become slower and coupled
at wavenumbers q∗ = 7.18, as discussed above (Fig. 3(a)).
These features are qualitatively the same in both SCGLE and
MD results, although the latter show a slower relaxation with
respect to the former at the state point a5.
A few remarks might be in order. As mentioned before,
the SG domain describes a region of partially arrested states,
where the large spheres are predicted to undergo dynamical
arrest and the small ones remain ergodic. At the level of self
diffusion quantities, this feature of the F-SG transition was
observed through the decoupling of the self ISFs, FS
bb
and FSss,
and of the MSDs, Wb(t) and Ws(t) (Figs. 4 and 5, respec-
tively). At the level of collective dynamics, however, there
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FIG. 7: (Color online) Normalized collective ISFs for the large,
fbb(q
∗, t∗) (solid symbols), and small particles, fss(q∗, t∗) (open
symbols), at the state point a5 = (φb = 0.60, φs = 0.05), for different
q∗ (as indicated) as a function of the reduced time, t∗ obtained from
the SCGLE theory (upper panel) and MD (lower panel). The
vertical dashed line in the lower panel indicates t∗ = 10, at which
the values fii(q
∗, t∗ = 10) have been extracted for the comparison in
Fig. 3.
is a subtle feature that deserves to be briefly commented. To
describe collective diffusion, one conventionally considers the
normalized ISFs, fbb and fss, which are quantities accessible
experimentally. According to Fig. 6, both ISFs display a slow-
ing down in the relaxation and become strongly correlated to-
wards the F-SG transition, thus suggesting the deceiving no-
tion that, at the level of collective variables, it is only possible
to detect either fluid or arrested states but not partially arrested
ones. Nonetheless, this is only the result of the convention
adopted to describe collective diffusion. To see this, one may
consider the propagator matrix Ψ(q, t) ≡ F(q, t)S −1(q), with
initial condition Ψ(q, t = 0) = I. In terms of the diagonal
propagators Ψbb(q, t) and Ψss(q, t), the scenario for the col-
lective dynamics of the F-SG transition differs from that dis-
played by fbb(q, t) and fss(q, t). Specifically, one finds that the
collective propagatorΨbb(q
∗ = 7.18, t) displays dynamical ar-
rest, whereas Ψss(q
∗ = 7.18, t) decays to zero, in qualitative
similitude with the behavior of the self ISFs (for a detailed
discussion, the reader is referred to Sec. IV of Ref.[48] and
the SM).
We have additionally analyzed the q∗-dependence of
fii(q
∗, t∗) for the sample closest to the F-SG transition along
Path A, i.e., the state point a5. As shown in Fig. 7, both
fbb and fss display an initial acceleration of the decay with
increasing q∗, a slowing down for q∗ = 7, and a second ac-
celeration for larger q∗. These effects are attributable to the
modulation of the structure factor of the large particles, as al-
ready mentioned (Fig. 3(a)). Additionally, for q∗ > 7, fss
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FIG. 8: (Color online) Normalized collective ISFs for the large,
fbb(q
∗, tB) (solid symbols), and small particles, fss(q∗, tB) (open
symbols), along Path 2 (Samples (a)2.1, (b)2.2, (c)2.3) for different
wave numbers q∗ (as indicated) as a function of time tB ≡ t/D0bσ−2b
predicted by the SCGLE theory.
develops distinct relaxation patterns as those observed in fbb;
a faster initial decay followed by an intermediate inflection
point, whose height oscillates with increasing q∗. This re-
flects the increasingly smaller fraction of small particles that
are temporarily trapped at increasingly shorter length scales
(larger q∗ values).
To test the influence of φs on the q
∗-dependence of the
dynamics, theoretical and experimental data along Path 2
(φs ≈ 0.03) are reported in Figs. 8 and 9, respectively. The
SCGLE predicts a similar scenario as that found for φs = 0.05,
involving a non-monotonic behavior in the relaxation of both
species upon varying q∗. Despite the smaller time resolution
of the experiments, the measured ISFs show similar trends.
The SCGLE and experimental results suggest different decay
patterns and transient plateaus of fss for q
∗ ≈ 9, although with
some quantitative differences that become larger with increas-
ing φb, i.e., approaching the transition line, thus suggesting a
void structure slightly different in the theoretical and experi-
mental samples.
To further investigate the influence of both φs and φb on
the height of the intermediate plateaus of fss(q
∗, t), we also
consider Path 1, which corresponds to experimental data pre-
viously reported for φs ≈ 0.006 [29] and, according to the
theory, located inside the SG domain. The results displayed
in Fig. 10 show that, in comparison to the previous case
(φs ≈ 0.03), the height of the plateaus in fss are generally
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FIG. 9: (Color online) Normalized collective ISFs for the large,
fbb(q
∗, t) (solid symbols), and small particles, fss(q∗, t) (open
symbols), along Path 2 (Samples (a)2.1, (b)2.2, (c)2.3) for different
wave numbers q∗ (as indicated) as a function of time t as observed
in experiments.
shorter at comparable q∗ values; a feature that was already out-
lined by the SCGLE theory in Fig. 3(c). This implies that due
to crowding, i.e., increasing φs, localization involves a larger
fraction of small particles down to smaller length scales.
In summary, approaching the F-SG transition (φs < φ
E
s ),
the self dynamics of the small and large particles decouples,
with the large particles approaching dynamical arrest. On the
other hand, the collective ISFs of both species are coupled at
long times, with the small spheres following the arrest of the
larger ones. In addition, their wave number dependence is
modulated by the structure of the large particles.
V. DYNAMICS FROM THE FLUID TO THE DOUBLE
GLASS
We now discuss the dynamical features of the F-DG transi-
tion. Theory and simulation results for constant φs = 0.2 and
increasing φb from the fluid region towards the F-DG tran-
sition line (Path B) are discussed. These results are compli-
mented with results from DDM experiments (Path 3).
A. Self dynamics of the F-DG transition
Fig. 11 reports self ISFs for fixed q∗ = 7.18 and along
Path B as obtained by theory and simulations. Different from
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time, t = 104s, at which the values fss(q
∗, t = 105 s) were extracted
for the comparison shown in Fig. 3(a).
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Path B (as indicated) obtained from MD simulations (symbols) and
the SCGLE theory (lines).
the case of approaching to the F-SG transition (Fig. 4), the
shape of the self ISFs of both species is rather similar, but
with a faster decay for the small particles. Upon increasing
φb, both ISFs slow down by a similar factor. No signature of
a two-step decay in FS
bb
or a long-time tail in FSss is observed.
These results reflect the lubricating effect of the large enough
fraction of small particles on the big particles (compare, for
instance, the behavior of FS
bb
at the two state points a5 (Fig.
4) and b5, both of which satisfy φs + φb = 0.65), as suggested
by previous experimental studies [12–14, 16, 20, 24, 25].
These results are in agreement with the corresponding
MSDs shown in Fig. 12. Again, along Path B the slow down
of the small and large particles is very similar, in contrast to
the very different slow down found along Path A .
B. Collective dynamics of the F-DG transition
The collective dynamics obtained by simulations and the-
ory are displayed in Fig. 13. For the large particles, fbb(q
∗ =
7.18; t∗) behaves quite similar to the self part, FS
bb
(q∗ =
7.18; t∗), and also decays faster in comparison to the behav-
ior along Path A. In contrast, for the small particles, fss(q
∗ =
7.18; t∗) is different to FSss(q
∗ = 7.18; t∗), but also to the be-
havior found along Path A. The collective ISF of the small
species now show a relaxation pattern that, from intermedi-
ate times onwards, resembles that of the large particles fbb.
Approaching the F-DG transition, these correlation functions
become increasingly similar and eventually are essentially in-
distinguishable.
We also consider the q∗-dependence of the most concen-
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FIG. 13: (Color online) Normalized collective ISFs for the large,
fbb(q
∗, t∗) (solid symbols), and small particles, fss(q∗, t∗) (open
symbols), calculated along Path B (as indicated) at fixed q∗ = 7.18
as a function of the reduced time t∗. The upper panel displays the
results from the SCGLE theory and the lower panel from MD
simulations.
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∗, t∗) (solid symbols), and small particles, fss(q∗, t∗) (open
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from the SCGLE theory (upper panel) and MD (lower panel). The
vertical dashed line in the lower panel indicates t∗ = 10 at which the
values fii(q
∗, t∗ = 10) were extracted for the comparison in Fig. 3(b).
trated sample, b5 (Fig.14). For q∗ ≤ 7, both fbb and fss decay
rather similar, with a small acceleration of the dynamics of
both species with increasing q∗. For q∗ > 7, the relaxation
time of both functions continues monotonically decreasing,
which implies weak structural effects on the collective dynam-
ics, as already suggested by the results in Fig. 3(b). Inflection
points, followed by intermediate plateaus, are observed again
in fss. The height of these plateaus, however, is significantly
larger than those observed for the state point a5 (Fig.7).
To test the influence of φs on the q
∗-dependence of the col-
lective dynamics, we finally consider another route to the F-
DG transition, in which φb is kept constant (at about 0.3) and
φs is increased; i.e., Path 3. The fbb(q
∗, t∗) obtained from the-
ory (Fig. 15) indicates a fluid behavior, with the relaxation be-
coming monotonously faster with increasing q∗, as observed
at the state point b5. A similar situation is found for fss(q
∗, t∗),
except for the distinct decay patterns observed for q∗ ≥ 9.23.
The SCGLE results are compared with experimental data
(Fig. 16). Due to the limited measurement time (on the order
of a day), the experimental data extend over a smaller time-
window. Thus, the final decays of both fbb(q, t) and fss(q, t)
are not accessible in the experiments. Nevertheless, the trends
are compatible with predictions by SCGLE. The initial relax-
ation of fbb and fss is rather similar for q
∗ ≤ 7.06, but with
the later decaying faster for larger q∗, similar to the behav-
ior found in both simulations (Fig. 14) and theory (Fig. 15).
Approaching the F-DG transition line (i.e., increasing φs), the
decay of both fss and fbb becomes noticeable slower at all
length scales, in contrast with the behavior towards the F- SG
transition (compare, for instance, the results of the lower panel
of Fig. 16 against those of Figs. 9(b) and 9(c), all of which
correspond to experimental samples where φb + φs ≈ 0.6, but
with significantly different compositions).
In summary, the results of this section show a different sce-
nario towards the F-DG transition, where the self dynamics
of the two species appear coupled and become slower simul-
taneously. The collective dynamics also appears coupled at all
the relevant length scales, but display weak structural effects.
These results indicate that both big and small spheres become
arrested in the self and collective dynamics towards the DG
domain.
VI. COMPARISON OF THE DYNAMICS TOWARDS THE
F-SG AND F-DG TRANSITIONS
The self and collective dynamics approaching the F-SG and
F-DG transitions have been described above and now will be
compared. For this, notice that for each state point along
Path B, there is a corresponding point along Path A having
the same total volume fraction, φ, but a different composition
xs ≡ φs/φ. To highlight the corresponding samples, in Figs. 4-
6 (Path A) and 11-13 (Path B) we have used the same symbols
and colors for those state points with the same φ.
In Fig. 17, the evolution of the self dynamics along Paths
A and B is compared in terms of the α-relaxation times τα,S
i
,
defined here as FS
ii
(q∗ = 7.18, τα,S
i
) = 1/e. For samples with
the same φ, the relaxation of the small species is moderately
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∗, tB), and (b) small particles, fss(q∗, tB), along Path 3 for
different reduced wave numbers q∗ and fixed composition (Sample
3.2) as predicted by the SCGLE theory.
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FIG. 16: (Color online) Normalized collective ISFs for (a) large,
fbb(q
∗, t), and (b) small particles, fss(q∗, t), along Path 3 for different
reduced wave numbers q∗ and fixed composition (Sample 3.2) as
determined in experiments.
slower along Path B (φs = 0.2) than Path A (φs = 0.05), but
displaying essentially the same dependence on φ. This in-
dicates weak effects of the composition on the self dynam-
ics of the small particles towards the glass transition, despite
the different relaxation patterns observed in FSss along Paths
A (Fig.4) and B (Fig. 11). A distinct behavior for the large
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FIG. 17: (Color online) Self α-relaxation times of large (solid
symbols, solid lines) and small particles (open symbols, dashed
lines) along Paths A and B as a function of the total volume fraction
φ. Symbols represent MD data and lines SCGLE results, as
indicated.
species is found. For φ < 0.6, the difference in the relax-
ation along both paths is smaller in comparison to the case of
the small species, with the decay being again slightly slower
along Path B. A crossover, however, is observed at φ ≈ 0.6
and, for larger φ(= 0.65), the relaxation becomes noticeable
slower along Path A, which suggest strong effects of both
composition and total concentration for the large particles’
self dynamics.
To compare the collective dynamics close to the F-SG and
F-DG transitions, we similarly consider collective relaxation
times defined by fii(q
∗, t∗ = τα
i
) = 1/e, for different q∗-values,
and at the state points a5 and b5, respectively (Fig. 18). For
q∗ ≤ 7.18, the relaxation times of the small and large parti-
cles are strongly coupled for both compositions, with Path B
displaying the slower relaxation for q∗ < 7 and a crossover at
q ≈ 7.18 similar to the behavior of τα,S
i
. At q∗ > 7.18 and
small xs i.e., many big particles the relaxation of each species
appears decoupled. The small species decay faster, indicating
their ability to explore the local environment. If the fraction
of the small particles is increased, the relaxation remains cou-
pled, which reflects a more pronounced contribution of the
small particles’ dynamics to the slowing down.
VII. CONCLUDING REMARKS
By combining experiments, molecular dynamics simula-
tions and theoretical calculations based on the SCGLE for-
malism, we have built up a general and consistent physical
description of glassy dynamics in highly asymmetric binary
mixtures of hard-spheres. Two fundamentally different sce-
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FIG. 18: (Color online) Collective α-relaxation times of both
species as a function of reduced wave number q∗ at the state points
a5( -τα
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, #-ταs ) and b5 (N-τ
α
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, △-ταs ), as predicted by the SCGLE
approximation.
narios for the glass transition were confirmed. Both lead to dy-
namical arrest; they are related to distinct microscopic states
that, however, also bear similar qualitative features.
Below a certain volume fraction of small spheres, φEs , a sin-
gle glass occurs, where the slow dynamics is dominated by the
large species and whose self and collective dynamics indicate
structural arrest with the typical fingerprints of an ideal glass
transition of hard spheres. In contrast, the self dynamics of
the small species does not arrest, but resembles the behavior
of a fluid embedded in a heterogeneousmedium, including the
long-time tail in the relaxation. Their collective dynamics at
large length scales appeared coupled to the big particles and
the dependence on the wave number follows the structure fac-
tor of the large particles, whereas at short length scales the dy-
namics remained ergodic. This is consistent with the follow-
ing observation: the total volume fraction to reach the glass
transition becomes larger with increasing the volume fraction
of small particles, φs.
In the other possible glass transition referred to as a double
glass, the slowing down of the self and collective dynamics of
both species appeared strongly correlated. In the latter case,
the coupling occurred at all length scales, i.e., both species
become dynamically arrested simultaneously. Contrary to the
previous case, the total volume fraction at which the double
glass transition occurs became smaller with increasing φs.
These fundamental differences when the mixture ap-
proaches to any glass boundary strongly suggest that the de-
grees of freedom of the small particles cannot be simply inte-
grated out. For instance, assuming an effective potential be-
tween the large particles neglects the dynamical contribution
of the small particles.
The above features were stressed out by all the techniques
here employed, allowing to summarize our findings in a dy-
namical arrest diagram. Then, our results might serve to locate
and reinterpret previous results in one of the possible glassy
domains and as benchmark for future tests in colloidal hard
sphere mixtures and other systems with competing time and
length scales, such as metallic alloys, polymers or protein so-
lutions. Finally, from a technological point of view, the un-
derstanding of arrested states will facilitate rational design of
new materials, as well as many industrial processes.
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